Molecular characterization of events is an integral part of the advancement process during genetically modified (GM) crop product development. Assessment of these events is traditionally accomplished by polymerase chain reaction (PCR) and Southern blot analyses. Southern blot analysis can be time-consuming and comparatively expensive and does not provide sequence-level detail. We have developed a sequence-based application, Southernby-Sequencing (SbS), utilizing sequence capture coupled with nextgeneration sequencing (NGS) technology to replace Southern blot analysis for event selection in a high-throughput molecular characterization environment. SbS is accomplished by hybridizing indexed and pooled whole-genome DNA libraries from GM plants to biotinylated probes designed to target the sequence of transformation plasmids used to generate events within the pool. This sequence capture process enriches the sequence data obtained for targeted regions of interest (transformation plasmid DNA). Taking advantage of the DNA adjacent to the targeted bases (referred to as nextto-target sequence) that accompanies the targeted transformation plasmid sequence, the data analysis detects plasmid-to-genome and plasmid-to-plasmid junctions introduced during insertion into the plant genome. Analysis of these junction sequences provides sequence-level information as to the following: the number of insertion loci including detection of unlinked, independently segregating, small DNA fragments; copy number; rearrangements, truncations, or deletions of the intended insertion DNA; and the presence of transformation plasmid backbone sequences. This molecular evidence from SbS analysis is used to characterize and select GM plants meeting optimal molecular characterization criteria. SbS technology has proven to be a robust event screening tool for use in a highthroughput molecular characterization environment.
T he ma jorit y of commercialized GM crops on the market today have been created through transformation methods, such as particle bombardment (Klein et al., 1989; Gordon-Kamm et al., 1990; Vain et al., 1993) and Agrobacterium-mediated gene transfer (Gould et al., 1991; Zhao et al., 2001; Kim et al., 2009 ), resulting in random insertion of recombinant DNA into the plant genome. Detailed molecular characterization is conducted to detect insertions at multiple genetic loci, multiple-copy insertions, rearrangements of the inserted DNA, and incorporation of sequences from the transformation plasmid backbone to select candidate events from a large pool of transformation events.
Molecular characterization studies of DNA insertions are necessary for the selection of events for future commercialization and are a required component of regulatory data packages (Bhat and Srinivasan, 2002; Privalle et al., 2012) . Molecular characterization for event selection is currently accomplished by a series of molecular assays, including PCR methods, flanking sequence analysis (Xu et al., 2008) , and Southern blot hybridization analyses (Southern, 1975) . This series of assays provides information on the copy number of the inserted transgenes, the number of insertion loci, the flanking plant genomic DNA sequences surrounding the insertion site, the presence or absence of transformation plasmid backbone sequence, and the intactness of the inserted DNA. The combination of these assays provides a robust framework for event characterization and selection; however, each of these assays presents different technical challenges.
Low cost and technical ease make PCR the assay of choice for initial event sorting in high-throughput transformation event screening programs. Placement of assay primers and probes in the intended genetic elements and the unintended plasmid backbone sequence can quickly identify multiple-copy insertion events and events containing plasmid backbone sequences. However, discrete assays used in PCR leave the majority of the inserted DNA uncharacterized and transformation plasmid fragments that do not include assay primer sequences are undetected. Although PCR assays can provide copy number estimates and determine the presence or absence of plasmid backbone insertions that contain the assay sequence, these assays do not provide any sequencelevel information. Transformation events advancing through PCR screening require further characterization by Southern blot and flanking sequence analyses.
Determination of the genomic DNA sequence flanking the insertion is typically carried out via methods such as genome walking (Siebert et al., 1995) and inverse PCR (Xu et al., 2008) . In these approaches, primers designed to the ends of the inserted DNA are used to extend the sequence into the plant genomic region. When a plant reference genome is available, flanking sequences can be aligned to the reference genome sequence to provide additional molecular characterization information. Flanking DNA sequences can be compared to the transformation plasmid sequence to identify additional plasmid sequences surrounding the inserted DNA, which indicate the presence of fragments and/or tandem insertions within an insertion locus. This information can assist in event selection and is used for the development of event-specific PCR assays that are instrumental for event identification and event confirmation and are a regulatory requirement for event commercialization. Much like PCR, primers for flanking sequence analysis typically target only a small region at the ends of the intended DNA insertion, leaving most of the inserted DNA uncharacterized. If the primer target sequence is missing in the transformation event because of truncation or rearrangement, the flanking sequence information would not be generated from the PCR assay. Inverse PCR methods are also dependent on correct selection of the restriction enzymes that will digest genomic DNA near the insertion to an appropriate size for circularization, adding additional complexity and challenges to this method.
Southern blot analysis (Southern, 1975) can be used as a low-density screening tool with a few restriction enzyme and probe combinations or as a high-density characterization method with many enzyme digestions and comprehensive probe coverage (i.e., probes for complete coverage of the transformation plasmid). Traditionally, Southern blot analysis has been used for determining the number of insertion loci, the copy number and intactness of inserted DNA, and the presence or absence of plasmid backbone sequences. The preparation, hybridization, and analysis of blots with the combination of multiple enzymes and probes is laborintensive and technically challenging and requires expertise for accurate data interpretation. As with PCR, Southern blot analysis does not provide sequence-level information. Additional molecular characterization such as PCR amplification and sequencing of overlapping fragments is needed to generate sequence-level information for the insertions. Preparation, screening, and sequencing of cloned genomic DNA may be required for characterizing complex insertions or those located in intractable genomic locations.
Next-generation sequencing technology, specifically the Illumina platform (Illumina, San Diego, CA), has been used extensively for whole-genome sequencing of complex organisms Shulaev et al., 2011; Varshney et al., 2011) and offers new options for in-depth molecular characterization. It is now possible to sequence an entire genome and analyze the resulting sequence for inserted DNA in crop species (Kovalic et al., 2012) . Unfortunately, the complexity of whole-genome sequencing analyses is not yet conducive to high-throughput screening of the thousands of transformation events generated in a production environment. To reach the throughput necessary for characterizing a large number of events, it would be advantageous to specifically target sequence from the transformation plasmid within the GM plant.
In comparison to whole-genome sequencing, sequence capture technology is a method of reducing sequence complexity by the use of specific capture probes to enrich for the target sequences of interest, in turn decreasing the amount of sequence data generated by NGS technology and subsequently focusing the bioinformatic analysis. Hybridization with probes smaller than the targeted fragments captures not only the bases present in the probes but also DNA adjacent to the targeted bases (referred to as next-to-target sequence). The utility of sequence capture technology to recover nonprobe sequences representing the DNA flanking the targeted regions of interest was first demonstrated in maize (Zea mays L.) (Fu et al., 2010) and subsequently in identification of novel retrotransposition events in the human genome (Baillie et al., 2011) . Typically, the efficiency of sequence capture to enrich the targeted regions of interest decreases with the total size of the target relative to the size of the genome (Albert et al., 2007) ; therefore, the small size of the inserted DNA sequence relative to the large size of the reference plant genome is not ideal for traditional sequence capture methodology. Overcoming the inherent inefficiency of sequence capture, which targets a small region of interest relative to the size of the genome, would be necessary before the technology could be useful for molecular characterization of transformation events.
Here we introduce an innovative strategy, SbS, which utilizes innovations in in-solution sequence capture methodology paired with NGS to screen transformation events rapidly and efficiently (Fig. 1) . The targeted sequencing method is coupled with bioinformatic analysis that uses the transformation plasmid and native genomic DNA sequences to identify chimeric sequences representing novel junctions, including plasmid-togenome or plasmid-to-plasmid junctions. This analysis provides comprehensive information about the number of unique insertion loci, the copy number and rearrangements of the inserted DNA, and the presence or absence of plasmid backbone sequences. In addition, SbS provides sequence-level information about the flanking genomic DNA sequences of each insertion that can be used to characterize its genomic location and develop event-specific PCR assays to detect the insertion. Finally, sequence alignment of the targeted reads to the transformation plasmid sequence can detect small insertions or deletions and single nucleotide polymorphisms within the inserted DNA. This paper describes SbS, a highthroughput method to complement or replace many of the molecular characterization approaches currently employed for transformation event screening and selection to develop GM crops, using maize as an example.
Materials and Methods

DNA Probe Library Design and Construction
Southern-by-Sequencing capture probes used for enrichment of transformation plasmid sequences were designed by Roche NimbleGen (Madison, WI) to meet Pioneer (Johnston, IA) requirements and subsequently manufactured by Roche NimbleGen. The capture probe library was designed by targeting approximately 117 kb of sequence from a plasmid pool of 89 unique transformation plasmids. These plasmid sequences were analyzed to mask small regions (e.g., 15-17 bp in length) that have homology to the repetitive sequences in the maize genome and were reduced to a set of unique sequences (D'Ascenzo et al., 2009 ). These unique sequences were then used to design overlapping biotinylated oligonucleotides as capture probes. Using proprietary algorithms, the probe distance, tiling path, and probe length were determined (D'Ascenzo et al., 2009) to ensure that the majority of all sequences (98.6-100%) within the transformation plasmid pool were targeted during the enrichment process. The resulting probe pool was aligned to the maize genome to determine the percentage of endogenous maize sequence that would be enriched and subsequently sequenced, along with the desired transformation plasmid sequence. When the transformation plasmid and the endogenous sequence targeted were used as a basis, the total sequence required to cover both endogenous maize and transformation plasmid-targeted sequence at a depth adequate for analysis was calculated. An adequate depth for analysis was defined as an average coverage of 100× over the inserted DNA. Southern-by-Sequencing data analysis summary. Genomic DNA is isolated from individual genetically modified (GM) events, sheared, and ligated with indexed adapters. Probe libraries are designed to meet Pioneer requirements and constructed by Roche NimbleGen so that the transformation plasmid sequence will be enriched after hybridization and sequence capture. Sequences are generated with an Illumina HiSeq 2500 instrument, trimmed for quality, reduced to a set of nonredundant reads, and aligned to the maize genome. Reads with an exact match to the genomic reference sequence are excluded from the subsequent analytical steps. The remaining Non-redundantReads are aligned to the transformation plasmid backbone sequence and alignments over a defined threshold are flagged as backbone-positive. Following transformation plasmid backbone analysis, junction reads are detected from the NonredundantRead group and condensed. Condensed junctions are further reduced by comparison to junctions from a non-GM control sample representing the transformation genotype (endogenous junctions). The final junctions are extended and aligned to the maize genome and transformation plasmid to determine the origin of the junction sequence, thus identifying the insertion site. For additional details, see the Materials and Methods section.
Sequencing Library Construction
Illumina DNA shotgun sequencing libraries were constructed for individual GM maize events generated by Agrobacterium-mediated transformation. Genomic DNA was isolated from 4-mm leaf punches collected from each event with an Omega Biotek E-Z 96 Plant DNA Kit (Norcross, GA). Purified genomic DNA was assessed for quality and quantity with a Fragment Analyzer (Advanced Analytical Technologies, Ames, IA) and sheared to an average fragment size of 400 bp with a Covaris E210 ultrasonicator (Covaris, Woburn, MA). All subsequent enzymatic reactions were performed with the KAPA Library Preparation Kit (Kapa Biosystems, Woburn, MA). Sheared DNA was end-repaired, A-tailed, and ligated to one of the unique indexed NEXTflex-96 adapters (Bioo Scientific Corp., Austin, TX) according to the manufacturer's protocol (Kapa Biosystems) such that subsequently pooled maize events could be deconvoluted after sequencing. Indexed adaptor-ligated DNA fragment libraries were PCRamplified for eight cycles according to Roche NimbleGen double capture protocols. Amplified libraries were assessed for quality and quantity with the Fragment Analyzer. Libraries were pooled in equal molar ratios in groups of 24, 48, or 96 and the pooled libraries were diluted in nuclease-free water to a working stock of 5 ng L 
Enrichment of Sequencing Fragments with Targeted Capture Probes
Sequence enrichment was accomplished according to a modified Roche NimbleGen double capture protocol for use in plant genomes. Using the double capture approach to increase on-target reads (reads targeted by the designed probes), the recommended C0t-1 DNA was replaced with 20 L of SeqCap EZ Developer Reagent (Roche Diagnostics, Indianapolis, IN) in each capture reaction (Green et al., 2012) . The genomic DNA shotgun library pools described above were denatured in a cocktail of hybridization buffer, SeqCap EZ Developer Reagent, and blocking oligonucleotides corresponding to adaptor sequences in each pool. After denaturation, the cocktail containing a DNA library pool was combined with the biotinylated probe library and incubated at 47°C for 16 h. Following incubation, streptavidin Dynabeads M-270 (LifeTech, Grand Island, NY) were added to the hybridization mix. Using the DynaMag-2 magnet (LifeTech), bound DNA fragments were washed and eluted according to the double capture protocol. Washed and eluted library pools were PCR-amplified for five cycles and purified using QIAquick columns (Qiagen, Germantown, MD) according to the manufacturer's instructions. The enriched DNA library pools from the first capture reaction were then captured a second time, PCR-amplified for 16 cycles, and purified using the methods described above. Final enriched capture library pools were quantified with the Agilent TapeStation (Agilent Technologies, Santa Clara, CA) and diluted to 2 nM for sequencing.
Sequencing
Enriched library pools of GM maize events were sequenced on the Illumina MiSeq or HiSeq 2500 system following the manufacturer's protocols. Paired-end 100-bp reads of the enriched DNA sequence and a seven-base indexing read of the indexed adaptor sequence were generated to a target depth of 100× across the captured sequence. Sequence reads were trimmed for quality below Q20 and deconvoluted based on their event to indexed adaptor association. The deconvoluted sequences for each transformation event are referred to as "AllReads" for bioinformatic analysis.
Quality Assurance of Sequencing Reads
Illumina sequence reads were adaptor-trimmed using custom scripts. K-mer analysis was further performed to eliminate sequencing errors using JELLYFISH, version 1.1.4 (Marcais and Kinsford, 2011) , such that any 31-bp sequence that occurred less than twice within AllReads was excluded from further analysis. This set of sequences is referred to as "CleanReads". To reduce sequencing noise as well as computational costs, identical sequence reads were collapsed to create nonredundant read groups. Abundance information for each nonredundant read group was retained. The representative sequences from the top 60% abundant nonredundant read groups (referred to as "NonredundantReads") were used for further analysis.
Transformation Plasmid Backbone Analysis
Non-redundantReads were aligned to the maize reference genome (Schnable et al., 2009 ) using Bowtie, version 1.0.0 (Langmead et al., 2009) , allowing up to two mismatches. Non-redundantReads that did not align to the maize reference genome were subsequently aligned to the transformation plasmid transfer DNA (T-DNA) sequence using Bowtie with zero mismatches allowed. The remaining Non-redundantReads that did not align to the maize reference genome or the T-DNA sequence were subsequently aligned to the transformation plasmid backbone sequence using Bowtie 2 version 2.1.0, with zero mismatches. Alignments to the transformation plasmid backbone sequence that met a coverage threshold of 35× or greater across 50 bp were flagged as events containing plasmid backbone sequence. This threshold reduced false-positive detection of plasmid backbone caused by the presence of environmental bacteria such as Serratia marcescens on plant tissue, which can be seen at low coverage in the Integrated Genome Viewer coverage graphs. This alignment-based transformation plasmid backbone analysis serves as a first-pass identification of plasmid backbone presence; however, plasmid backbone fragments are additionally characterized through the detection of plasmid backbone junction sequences as described below.
Junction Detection and Filtering
Non-redundantReads with alignment wholly to the maize reference genome were excluded from the junction detection step. To identify chimeric reads (referred to as junction reads or junctions), the remaining Non-redundantReads were aligned to the entire transformation plasmid sequence, comprising the intended transformation T-DNA sequence and the unintended plasmid backbone sequence, using BWA version 0.5.9-r16, with the soft-trimming feature enabled (Li and Durbin, 2010) . A junction read identified in this analysis contains sequence that is noncontiguous with the transformation plasmid sequence, such as plasmidto-genome or plasmid-to-plasmid. Following junction identification, individual reads that contain a chimeric sequence were condensed to a unique identifier representing a junction. The unique identifier, referred to as a 30_20-mer, was created by extracting 20 bp of sequence aligned to the transformation plasmid along with 30 bp of sequence proximal to the aligned 20 bp. This 30-bp sequence was not contiguously aligned to the transformation plasmid and, when combined with the aligned 20 bp, represents the junction point of the chimeric read. Junction reads were condensed if they contained identical 30_20-mers or if the 30_20-mer junction occurred within 2 bp of each other. Total reads (referred to as "TotalSupportingReads") making up each unique junction were tracked for filtering. Junctions with less than five unique supporting reads or where the number of TotalSupportingReads was 10% of the median sequencing depth of aligned positions were filtered out and removed from further analysis.
Removal of Endogenous Junctions
Differences in the maize reference genome (Schnable et al., 2009 ) and the transformation line genome may result in the false-positive identification of unique junctions that are in fact endogenous maize sequences (referred to as endogenous junctions). To remove such endogenous junctions, non-GM maize lines that are commonly used as the source material for transformation were captured as described above and sequenced to an average depth of 10 million reads per genotype, which is approximately five times more than the target depth of transformation events. The increased sequence depth of non-GM samples improved the likelihood that all possible endogenous junctions captured by the transformation plasmid probes would be detected, resulting in improved removal of endogenous junctions. Endogenous junctions were detected for each non-GM line with respect to each of the transformation plasmids that were included in the SbS probe design. The 30_20-mers of the junctions detected from the non-GM samples were used to filter out endogenous junctions in the GM samples.
Junction Read Extension and Insertion Site Identification
The final junctions (junctions passing through all filters) were extended into longer contigs using Non-redundantReads with the Short Sequence Assembly by progressive K-mer search and 3' read Extension (SSAKE) version 3.8.2 tool (Warren et al., 2007) . The longest SSAKE contigs were then mapped to the maize reference genome as well as the transformation plasmid using BLAT, version 35×1, (Kent, 2002) to characterize the insertion site and intactness of the inserted DNA.
Spike-In Testing of Sensitivity and Reproducibility
As a positive control, double-stranded oligonucleotides 250 bp in length were designed to mimic plasmid backbone fragments inserted into maize chromosome 9 (referred to as spike-in oligonucleotides) for use in sensitivity testing. The spike-in oligonucleotides, containing pseudoinsertions ranging from 35 to 100 bp of plasmid backbone sequence flanked by maize chromosome 9 genomic sequence for a total length of 250 bp, were synthesized by Integrated DNA Technologies (Coralville, IA). To simulate genomic deletion that can occur as a result of transformation, 11 bp of maize chromosome 9 sequence was excluded from each spike-in oligonucleotide at the pseudoinsertion site. Spike-in oligonucleotides were added to previously characterized genomic DNA from a single-copy insertion event that had been shown to be free of plasmid backbone. Spike-in oligonucleotides were added to the transformation event DNA at a molar ratio equal to a single-copy insertion within the maize genome. As an internal control, a double-stranded oligonucleotide representing 250 bp of plasmid backbone immediately 5' to the right border (RB) of the T-DNA without a genomic flanking sequence was added at the same molar ratio to verify the capture efficiency and accurate concentration of the spike-in oligonucleotide. Spike-in oligonucleotides and the internal control oligonucleotide were added before sequencing library construction; the resulting library pools were captured and sequenced as described above. The resulting "AllReads" (the deconvoluted sequences for each transformation event) were aligned to the transformation plasmid sequence as described above for transformation plasmid backbone analysis; however, alignment thresholds of 35× or greater across 50 bp were removed for determination of the shortest pseudoinsertion sequence that could be successfully captured with the DNA probe library.
Following sensitivity determination, reproducibility of the small fragment detection was tested by spiking genomic DNA from 92 independent transformation events with the 50-bp pseudoinsertion spike-in oligonucleotide (a 250-bp oligonucleotide containing both the 11-bp genomic deletion and the 50-bp pseudoinsertion) and the 250-bp internal control oligonucleotide before sequencing library construction. As in the sensitivity testing, the spike-in oligonucleotide and the internal control oligonucleotide were added at a molar ratio equivalent to a single-copy insertion within the maize genome. Spiked samples were processed through library construction, enrichment, sequencing, and analysis as described above.
Polymerase Chain Reaction
Real-time PCR was performed on genomic DNA isolated from leaf tissue of the primary transformation event generation to screen for the presence of transformation plasmid backbone DNA sequence. Genomic DNA was isolated from maize leaf punches using a proprietary method. Five TaqMan (Life Technologies, Carlsbad, CA) probe and primer sets were designed to detect the plasmid backbone targets. A TaqMan probe and primer set for an endogenous maize gene was designed to confirm the presence of amplifiable DNA in each reaction. QuantiTect Multiplex PCR MasterMix (Qiagen) containing uracil-DNA glycosylase (UNG) (Qiagen) with a passive reference dye to normalize fluorescent variations between wells was used for the assay. All assays were combined in a single reaction. Plasmid backbone target probes were labeled with the same detection fluorophore and the endogenous gene target probe was labeled with a different detection fluorophore. After initial incubation at 50°C for 2 min (the UNG step) and then at 95°C for 15 min, 40 cycles were conducted as follows: 95°C for 15 s and 60°C for 20 s. Positive or negative determination was based on a comparison of the threshold cycle (C T ) of the plasmid backbone target fluorophore to that of the endogenous gene target. Amplification of one or more of the plasmid backbone target regions would give a C T similar to that of the endogenous gene target, indicating the presence of plasmid backbone DNA sequence. The absence of amplification of all the plasmid backbone target regions would result in a default C T of 40 (the number of PCR cycles performed), indicating the absence of a plasmid backbone DNA sequence. Copy number analysis of inserted T-DNA was completed by multiplexed quantitative PCR assays of the feature of interest and an endogenous gene, each labeled with a different detection fluorophore. Change in the C T was determined and entered into a proprietary software program. Gene copy number calls were based on statistical cluster analysis and known gene copy controls.
Southern Blot
Genetically modified maize events generated by Agrobacterium-mediated transformation were characterized for the intactness and copy number of inserted T-DNA and the presence of plasmid backbone sequences by Southern blot analysis (Southern, 1975) using probes within the T-DNA and plasmid backbone regions. Multiple restriction enzymes were selected to determine the number of insertion sites, the copy number, and intactness of the genetic elements within the T-DNA as well as the absence of transformation plasmid backbone DNA sequence. Genomic DNA was extracted from lyophilized leaf tissue of the primary transformation event generation using a modified cetyltrimethylammonium bromide-based method (Rogers and Bendich, 1985) . Ten micrograms of genomic DNA were digested in parallel with the positive control plasmid, plasmid spiked into non-GM maize DNA, and non-GM maize DNA. Probes were labeled with DIG-dUTP by PCR. Hybridization and detection were completed according to the manufacturer's instructions (Roche, Mannheim, Germany).
Results and Discussion
Southern-by-Sequencing, described here using maize as an example, offers a high-throughput and targeted NGS-based alternative to traditional molecular characterization analyses for screening and selection of transformation events. Previously, insertion site analysis via targeted sequencing has been described for Arabidopsis thaliana (L.) Heynh., ecotype Columbia-4, (Lapage et al., 2013) by targeting a small portion of the T-DNA ends, which leaves most of the inserted T-DNA uncharacterized. Whole-transgene characterization by array hybridization and targeted sequencing has been described in mice (DuBose et al., 2013) but is not as applicable to a high-throughput format as an in-solution based capture method. Sequence-based methods of transformation event molecular characterization for the complete DNA insertion in plant species have previously been demonstrated in soybean [Glycine max (L.) Merr.] through high-coverage whole-genome sequencing (Kovalic et al., 2012) and in papaya (Carica papaya L.) by assembly of a draft genome (Ming et al., 2008) . Although the cost of NGS continues to decrease (Wetterstrand, 2013) , whole-genome sequencing approaches require hundreds of gigabases of sequence as well as timeconsuming and costly library construction to generate the depth of data (also referred to as sequence coverage) necessary to detect random and sparse T-DNA insertion sites. Additionally, whole-genome sequencing methods produce massive amounts of plant genome data, require extensive bioinformatic resources and, as such, are not amenable to a high-throughput screening environment.
To address the molecular characterization needs of a transformation program capable of producing thousands of events per year, we explored targeted sequencing through an in-solution sequence capture approach in combination with NGS technology to characterize the entire transformation plasmid, including plasmid backbone sequences. Taking advantage of the next-to-target sequence that accompanies targeted regions (Fu et al., 2010) , this approach can be utilized to identify the unknown sequences flanking the inserted DNA and identify additional insertion loci independent of the primary insertion site. This targeted sequencing approach greatly reduces the amount of bioinformatic analysis, increases assay throughput via sample pooling, and more closely mirrors the high-density probeand primer-based molecular characterization methods currently used for transformation event selection and advancement such as Southern blot and PCR analyses.
Evaluation of Targeted Sequencing Methods
Targeted sequencing in crop species such as maize has posed technical challenges in the past because of the abundance of repetitive sequences present in the genome. Repeat sequences that represent over 80% of the maize genome (Xu et al., 2013) and the lack of a suitable C0t-1 DNA to block this repetitive sequence have historically reduced the percentage of sequence reads corresponding to the probe library (referred to as on-target sequence) in capture experiments. The reduced efficiency of the probe hybridization to intended targets in highly repetitive genomes results in a requirement for a greater depth of sequence coverage and a higher cost per experiment. Our initial single capture pilot experiments targeting inserted DNA yielded on-target sequence rates in the range of 8 to 10% (data not shown). Although insertion junction sites could be identified in the generated sequence, the large amount of sequence required to detect these junctions reliably would limit the high-throughput potential of the assay. Due to the relatively small size of the inserted DNA, ranging from thousands to tens of thousands of base pairs, compared to the whole maize genome, these low on-target rates were not unexpected (Albert et al., 2007) . The use of SeqCap EZ Developer Reagent (Roche NimbleGen) (Bolon et al., 2011) , coupled with the double capture optimized processing approach of Roche NimbleGen (Green et al., 2012) , yielded on-target sequence rates of 90 to 95% (data not shown). This substantially increased capture efficiency enabled pooling of up to 92 GM maize event libraries and subsequently achieved higher throughput processing at a lower cost.
The capture and analysis of endogenous junctions in non-GM maize controls of matching transformation genotypes was equal in importance to validating on-target sequence capture efficiencies in GM maize DNA samples. Analysis of non-GM control maize lines in the SbS strategy served two purposes: first, it facilitated the identification of endogenous maize sequences targeted by the DNA probe library during capture; second, it identified sequences originating from bacterial contaminants such as S. marcescens, which are common on greenhouse-procured tissue samples. This information was subsequently used as a filter for transformation event data analysis, resulting in a reduction in the number of endogenous junction sequences and contaminant junction sequences identified as false-positive unique junctions in each event.
Comparison of SbS and Traditional Molecular Characterization Methods
Following development, optimization, and validation of the SbS method, a study to compare the results generated with traditional molecular characterization techniques with those generated by SbS was performed. Seventy-nine maize events were generated by Agrobacterium-mediated transformation and primary transformation event generation plants from each event were analyzed for the number of insertion loci, the copy number and the intactness of the inserted T-DNA, and the presence or absence of plasmid backbone DNA by a combination of PCR and Southern blot analyses. All 79 transformation events were also assayed by SbS analysis as described and depicted in Fig.  1 . Nine events representing a variety of transformation outcomes (insertion complexity) were selected for further evaluation. These nine events are referred to as the "crosscharacterization set" described below.
Polymerase chain reaction results were generated from six transgene cassette-specific assays distributed across the T-DNA region and a five-assay multiplex detecting five distinct regions of the plasmid backbone (Fig. 2) . The Southern blot analyses were performed to determine copy number and the intactness of the inserted T-DNA and to detect the presence or absence of plasmid backbone sequence. The Southern blot T-DNA intactness analysis used the combination of a single restriction enzyme and multiple probes across the T-DNA to detect fragments internal to the T-DNA region ( Fig. 2 and Fig. 3A) . The Southern blot copy number analysis used various single restriction enzymes in combination with the same probes across the T-DNA as used in the intactness check to identify unique fragments comprising both T-DNA and flanking maize genomic DNA (Fig. 2 and Fig. 3B ). The Southern blot plasmid backbone analysis used a combination of a single restriction enzyme and multiple probes across the transformation plasmid backbone (Fig. 2 and Fig. 3C ). The PCR and Southern blot results collectively indicated that the cross-characterization set comprised five single-copy insertion events (one of which was truncated), three multiple-copy insertion events, and one event containing plasmid backbone sequence (Table 1 and Table 2 ).
To determine the copy number and intactness of the inserted T-DNA using SbS data, the number of unique nonendogenous junctions was analyzed for each event. Events with two unique junctions, representing plasmidto-genome chimeric sequences, are called as single-copy insertions. Events with greater than two unique junctions, which are not caused by insertion of plasmid backbone sequence, are called multiple-copy insertion events or events with potential rearrangements of the inserted DNA.
Based on the two unique plasmid-to-genome junctions detected, Events 1, 2, 6, 7, and 8 were determined to contain single-copy insertions, which was in agreement with the combined PCR and Southern blot data. Although no additional fragments or insertion sites were detected within the group of single-copy insertions, the junction point at the 5' end of Event 1 indicated a significant truncation into the promoter region of Gene 1, as seen in Fig. 4 . Alignment of the CleanReads set to the transformation plasmid map from Events 1 and 2 indicated 100× or greater sequence coverage across the entire inserted T-DNA. Comparison of this coverage demonstrated the difference in sequence output for a truncated insertion versus an intact insertion. Noncontiguous coverage in the 5' region, as seen in the Event 1 coverage graph (Fig. 4C) , is attributable to the use of an endogenous maize promoter in the transformation plasmid. Targeting of the endogenous maize element by the capture probes results in sequence coverage but as a result of the endogenous junction filtering in the SbS analysis, this coverage does not impact the conclusion that this event is truncated approximately 2.8 kb from the RB feature. This result is consistent with the PCR result for Assay A; however, the sequence-level data generated by SbS allowed examination of the exact truncation point and facilitated a judgment on the severity of the truncation and the potential usefulness of this event.
Beyond the confirmation of the copy number and intactness of the inserted T-DNA determined via PCR and Southern blot analyses, the SbS data provide additional information at the nucleotide level. For example, the sequence data uncovered a single nucleotide polymorphism in one of the single-copy insertion events, as the sequence was in disagreement with the reference transformation plasmid sequence (data not shown). Unlike either the PCR or Southern blot analyses, SbS as a single assay would have provided detailed sequence information for molecular-based event screening.
Characterization of Multiple-Copy Insertion Events
To confirm that SbS is an effective tool for characterizing transformation events with multiple T-DNA copies, we analyzed Events 4, 5, and 9 of the cross-characterization set, in which the PCR and Southern blot analyses indicated that more than one copy of the T-DNA was present (Table 1 and Table 2 ). Southern-by-Sequencing analysis detected more than two unique junction sequences in each of these three transformation events (data not shown), which was consistent with the PCR and Southern consensus calls, and provided sequence-level details. Although both the PCR and Southern blot analyses accurately identified Event 4 as containing multiple copies of the T-DNA, the individual primer-and probe-based results supporting the consensus call were inconsistent between the two analyses. Polymerase chain reaction analysis identified two copies of the transformation plasmid with Assays B to F, but only one copy for the region covered by Assay A (Fig. 2 and Table 1 ). These data suggest that Event 4 contained one full copy of the T-DNA and an additional partial copy of the T-DNA with a putative 5'-end truncation. In the copy number Southern blot analysis of Event 4, single bands for Genes 1, 3, and 4 were detected with Probes T1, T3, and T4, respectively, and a double band for Gene 2 was detected with Probe T2 (Fig. 3B) . These data suggest that Event 4 contained one full copy of the T-DNA and an additional partial copy or T-DNA rearrangement encompassing Gene 2 ( Fig. 2 and Table 2 ). Event 4 was a particularly interesting case for assessing the accuracy of the SbS results for multiple-copy insertion events and provided an opportunity to investigate and resolve the apparent inconsistency between the PCR and Southern blot data. In-depth sequence analysis beyond that typically used for SbS event screening was completed on Event 4 to assemble a map of the entire insertion region including the inserted T-DNA and the flanking genomic DNA sequence. The assembly of Event 4 sequence data indicated the presence of two full copies of the T-DNA region at one insertion locus with a RB-to-RB junction (head-to-head tandem insertion), and two left border-to-genome junctions in opposing directions (Fig. 5) . The two full copies of the T-DNA predicted with this assembly were consistent with the number of unique junctions detected in the SbS event screening analysis. While confirming the copy number results from PCR Assays B to F, this assembly analysis and the SbS event screening result demonstrated that the single-copy insertion call of the T-DNA region detected by PCR Assay A was inconsistent. The head-tohead orientation of the tandem insertion resulted in a sequence with multiple priming sites and possible amplification products for PCR Assay A, which most likely led Table 2 . Southern blot analyses of DNA insertion intactness, the copy number, and the presence of transformation plasmid backbone for the nine maize transformation events making up the cross-characterization set. to this assay copy number call not correlating with the SbS result.
To investigate the discrepancy between the SbS and the Southern blot results, an in silico restriction enzyme digestion analysis was performed on the assembled insertion region of Event 4 (Fig. 5) . The expected number of hybridizing fragments and their sizes were calculated from the restriction enzymes used in the Southern blot analysis of Transfer DNA (T-DNA) features are drawn to scale and include Genes 1-4, depicted as red arrows representing the respective promoter, coding sequence, and terminator for each gene. The right border and left border (RB and LB, respectively) delineate the T-DNA region. Regions outside these borders represent the plasmid backbone sequence and are also drawn to scale. Numbers above the schematic indicate the bp location relative to the transformation plasmid sequence. Panel B: Schematic representation of single-copy insertion events. Transfer DNA features for both events are drawn to scale. Horizontal black lines outside the T-DNA region represent the maize genomic insertion site flanking sequence identified through Southern-by-Sequencing analysis and are not drawn to scale. Numbers below each horizontal black line indicate the length of the flanking sequence result from extension of detected junction reads. The upper schematic depicts Event 1 of the cross-characterization set, a truncated event that was missing the 5' T-DNA end from the RB feature to transformation plasmid position 20,898. The lower schematic depicts Event 2 of the cross-characterization set, an event that contained a full T-DNA insertion with minimal truncation that did not disrupt the first promoter proximal to the RB and did not disrupt the last terminator proximal to the LB. Features labeled in gray indicate partial deletion of regions during transformation. Numbers above the schematics indicate the bp location of the inserted DNA relative to the transformation plasmid sequence. Panels C and D: Integrated Genome Viewer log coverage graph of the single-copy insertion events generated by Bowtie 2 alignment of CleanReads to the transformation plasmid map. Bases with coverage of 20× or higher are displayed with the minimum to maximum of coverage represented by a number range in the upper left of each coverage panel. For example, a 0-5000× range indicates that sequence coverage at each base position was from 0 to 5000 times. Blue and red horizontal lines represent 10× and 100× sequence coverage, respectively, at each base position along the x axis. Perfect match alignments are displayed in gray and nucleotide variants in reference to the transformation plasmid map are represented in color. Coverage attributable to non-T-DNA sequences derived from homology to an endogenous maize gene is noted by the black arrow in the Event 1 coverage graph. The positions of junctions identified in the two displayed events are noted in the box below each coverage graph. Panel E: The positions of the Southern blot probes within the T-DNA and the plasmid backbone are represented by blue and red rectangles, respectively. copy number (Fig. 2B) . In silico digestion analysis predicted two fragments of highly similar sizes (12.8 and 12.6 kb) as a result of ApaI digestion and hybridization with Probes T3 and T4 (Fig. 5) . These fragments were indistinguishable in the corresponding Southern blot analyses and appeared as a single hybridizing band (Fig. 3B , Blots T3 and T4). When Event 4 DNA was digested with EcoRV and the resultant blot was hybridized with Probe T1, a single fragment would be expected due to the head-to-head insertion of the two copies of T-DNA, which was consistent with the single band detected in the corresponding Southern blot analysis (Fig.  3B, Blot T1 ). In addition, the in silico digestion analysis predicted two fragments when Event 4 DNA was digested with AflII and the resultant blot was hybridized with Probe T2, as was verified by the corresponding Southern blot analysis (Fig. 3B, Blot T2) . Although the consensus copy number call from the Southern blot analysis of Event 4 correctly identified this as a multiple-copy insertion, the nature of the head-to-head orientation, in combination with the restriction enzymes and probes used, yielded single or overlapping bands for Probes T1, T3, and T4, which prevented accurate analysis with these probes. Used as screening tools to select and advance single-copy, single-insertion locus GM maize events, all three methods would have successfully excluded Event 4. However, the data generated by SbS provided the most accurate and comprehensive characterization of this event, including information at the sequence level about the flanking genomic DNA sequence and the intactness of each inserted T-DNA copy.
Detection of Inserted Plasmid Backbone Fragments
Polymerase chain reaction and Southern blot analyses are effective tools for the detection of transformation plasmid backbone DNA insertions when the inserted regions of the plasmid backbone include the assay sequence, as shown for Event 3 (Table 1 and Table 2 ). Plasmid backbone insertions are also reliably detected with SbS technology (Fig.  6 ), as they are easily identified by coverage of the transformation plasmid outside the left and right T-DNA borders and by detection of junctions including plasmid backbone sequences. Traditional molecular characterization methods become ineffective when DNA fragment insertions are outside the coverage of the primers or probes used. One advantage of the SbS methodology is the size of the capture probe library, which facilitates targeting of the majority of bases (98.6-100%) within the transformation plasmid pool instead of a discrete assay space.
An example of the advantage of the probe density used in SbS is shown in Fig. 6C , in which a small backbone fragment of 213 bp was identified through SbS. As this sequence was not covered by either the PCR assays or by the Southern blot probes, the insertion fragment would not have been detected unless higher density Southern blot analysis or other high-density techniques such as whole-genome sequencing were employed. Southern-by-Sequencing easily detected this small independent plasmid backbone fragment insertion and this transformation event was eliminated early in the event selection process, resulting in a significant reduction in the expense of maintaining an event through product development that would ultimately be excluded after high-density molecular testing in advanced plant generations.
Southern-by-Sequencing Sensitivity and Reproducibility
Identification of additional insertions outside the primary insertion site is critical when considering event Figure 5 . In silico analysis of a multiple-copy insertion event: cross-characterization Event 4 on chromosome 6. Panel A: Based on the genomic insertion site sequence on maize chromosome 6 and the assembled transfer DNA (T-DNA) sequence from Southern-bySequencing (SbS) analysis, a reconstructed in planta insertion site map was created for multiple-copy insertion Event 4 of the crosscharacterization set. Transfer DNA features are drawn to scale and include Genes 1-4, depicted as red arrows representing the respective promoter, coding sequence, and terminator for each gene. Features labeled in gray indicate the T-DNA's left border and right border (LB and RB, respectively) features partially deleted during transformation. Horizontal black lines outside the T-DNA features represent maize genomic DNA on chromosome 6 and are not drawn to scale. Restriction enzyme digestion sites and Southern probes (Boxes T1-T4) used in Southern blot analysis ( Fig. 3A and B, and Table 2 ) as well as polymerase chain reaction Assays A and F (Table  1) relevant to in silico digestion analysis are annotated. The resulting fragments from in silico digest of the reconstructed SbS sequence and the enzyme-probe combinations used in the Southern blot analysis are represented by black, blue, and red horizontal lines and labeled with the associated fragment size in kb.
advancement, regulatory approval, trait integration, and commercialization. For this reason, understanding the SbS detection limit (also referred to as sensitivity) in terms of the smallest possible detectable insertion fragment is necessary. Southern-by-Sequencing sensitivity was assessed by spiking DNA samples from a previously characterized single-copy insertion event with double stranded oligonucleotides mimicking plasmid backbone insertions and an 11-bp genomic deletion on maize chromosome 9. The spike-in oligonucleotides were 250 bp in total length and contained segments of plasmid backbone (referred to as the pseudoinsertion), ranging from 35 to 100 bp at 5-bp increments, flanked by sequence from maize chromosome 9. The spike-in oligonucleotides were added to DNA samples in parallel with a doublestranded oligonucleotide representing a 250-bp plasmid backbone fragment as an internal control to confirm the capture efficiency of oligonucleotide spikes. Alignment of the resulting SbS data to the transformation plasmid detected pseudoinsertions 50 bp and larger at the corresponding plasmid location (Fig. 7) . These results indicated that the enrichment process could capture and identify insertions equal to or larger than 50 bp. Alignment of the sequence flanking the pseudoinsertion to the maize genome confirmed that the correct genomic location was identified (Fig. 8) . The 250-bp plasmid backbone control fragment was detected in all alignments at the corresponding plasmid position 5' of the primary singlecopy insertion site. The sequence of this internal control oligonucleotide was seen at equivalent coverage to the primary insertion, indicating that oligonucleotide spikes were captured at comparable efficiencies to those of DNA originating from the transformation event (Fig. 7) . Equal coverage of internal control oligonucleotides in all reactions confirmed detection of the pseudoinsertion spikein was representative of the fragment detection limits. In addition, although 50 bp was the pseudoinsertion size that was reliably detected in the sensitivity testing, pseudo-insertions as small as 35 bp were detected in some of the spiked DNA samples (data not shown).
To confirm the reproducibility of detecting small fragments in the high-throughput screening environment, the 250-bp spike-in oligonucleotide containing the 50-bp pseudoinsertion and the 250-bp internal control oligonucleotide were spiked into DNA from 92 independent GM maize events, representing a variety of transformation outcomes (insertion complexity) previously characterized by SbS. Sequence data from the 92 spiked DNA samples were aligned to the transformation plasmids and reference genome sequences. Southern-by-Sequencing could reliably detect the 50-bp fragment in all 92 spiked events independent of the primary insertion site and insertion complexity of the event (data not shown). As in the sensitivity testing, the sequence flanking the pseudoinsertion was mapped to Transfer DNA (T-DNA) features are drawn to scale and include Genes 1-4, depicted as red arrows representing the respective promoter, coding sequence, and terminator for each gene. The right border and left border (RB and LB, respectively) delineate the T-DNA region. Regions outside these borders represent the plasmid backbone sequence and are also drawn to scale. Numbers above the schematic indicate the bp location relative to the transformation plasmid sequence. Panels BG: Coverage graphs of sensitivity testing with oligonucleotides containing pseudoinsertions on chromosome 9 spiked in to a single-copy insertion event displayed as an Integrated Genome Viewer log coverage graph generated by Bowtie 2 alignment of CleanReads to the transformation plasmid map. Bases with coverage of 20× or higher are displayed, with the minimum to maximum of coverage represented by the number range in the upper left corner of each panel. For example, a 0-5000× range indicates that sequence coverage at each base position was from 0 to 5000 times. Blue and red horizontal lines represent 10× and 100× sequence coverage, respectively, at each base position along the x axis. Positions below the coverage graphs indicate junctions detected by Southern-by-Sequencing (SbS) analysis. Panels BG depict spike-ins of the 45-bp pseudoinsertion (Panel B), with each panel displaying a plasmid backbone fragment increasing in 5-bp increments up to 70 bp (Panel G). The pseudoinsertion was first detected at the corresponding plasmid position with the 50-bp pseudoinsertion, as indicated by a black arrow at 13,632 (Panel C). The pseudoinsertion is visible through the 70-bp pseudoinsertion (Panels DG) and was also visible in pseudoinsertions of 75, 80, 85, 90, 95 , and 100 bp (data not shown). The 250-bp control plasmid backbone oligonucleotide is detected in all alignments at the corresponding plasmid position 5' of the primary single-copy insertion site and is indicated with a black arrow at position 17,694 (Panels BC). Panel H: The positions of the Southern blot probes within the T-DNA and plasmid backbone are represented by blue and red rectangles, respectively. the correct genomic location on maize chromosome 9 and the 11-bp genomic deletion was detected in all 92 spiked events ( Fig. 8 ; data not shown). It is important to note that the results of screening over 2000 individual maize transformation events were consistent with the detection limit determined by sensitivity and reproducibility testing (data not shown). Three maize transformation events were detected that each contained a single fragment independent of the primary insertion site and near the 50-bp detection limit. Detection of these 55-, 57-, and 58-bp fragments validated that the sensitivity and reproducibility results were not attributable to oligonucleotide-specific capture but were representative of a detectable fragment size inserted into the maize genome (data not shown).
Southern-by-Sequencing is a cost-effective highthroughput molecular screening method that can reliably detect small fragments independent of the primary insertion site to identify transformation events that should be eliminated from further product development or that require additional plant breeding and selection steps to segregate the independent insertions.
Conclusions
Using targeted sequence capture coupled with NGS technology, the SbS approach to molecular characterization of transformation events is robust and provides in-depth sequence-level information compared to traditional PCR and Southern blot screening techniques. Southern-bySequencing can determine the copy number and intactness of the inserted DNA and the presence or absence of plasmid backbone sequences and can identify small fragments independent of the primary insertion site, which allows for rapid molecular characterization and selection of single-copy, single-locus insertion events. Southern-bySequencing can be reliably used to replace Southern blots as a molecular characterization tool for screening transformation events in a high-throughput environment.
It is important to note that although full assembly of the entire T-DNA insertion is not possible with the current SbS sample processing and analysis procedures, additional advances in sequencing technologies and sample preparation methods should further optimize and develop SbS to enable a single contiguous sequence result. Although the experiments described here focus on random T-DNA insertions into the maize genome by Agrobacterium-mediated transformation, SbS can also be used to characterize random DNA insertions generated by particle bombardment technology. Southernby-Sequencing will be useful for screening and selecting events produced by site-specific integration techniques and for verifying the absence of additional fragments and insertion loci that could be introduced during a multiple step plant transformation process. SbS technology has proven to be a robust and reliable high-throughput molecular characterization tool for GM maize event screening and selection and this approach is applicable to all organisms for characterizing DNA insertions.
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